We placed locusts in a wind tunnel using a loose tether design that allowed for motion in all three rotational degrees of freedom during presentation of a computer-generated looming disc. High-speed video allowed us to extract wing kinematics, abdomen position and 3-dimensional body orientation. Concurrent electromyographic (EMG) recordings monitored bilateral activity from the first basalar depressor muscles (m97) of the forewings, which are implicated in flight steering. Behavioural responses to a looming disc included cessation of flight (wings folded over the body), glides and active steering during sustained flight in addition to a decrease and increase in wingbeat frequency prior to and during, respectively, an evasive turn. Active steering involved shifts in bilateral m97 timing, wing asymmetries and whole-body rotations in the yaw (ψ), pitch (χ) and roll (η) planes. Changes in abdomen position and hindwing asymmetries occurred after turns were initiated. Forewing asymmetry and changes in η were most highly correlated with m97 spike latency. Correlations also increased as the disc approached, peaking prior to collision. On the inside of a turn, m97 spikes occurred earlier relative to forewing stroke reversal and bilateral timing corresponded to forewing asymmetry as well as changes in whole-body rotation. Double spikes in each m97 occurred most frequently at or immediately prior to the time the locusts turned, suggesting a behavioural significance. These data provide information on mechanisms underlying 3-dimensional flight manoeuvres and will be used to drive a closed loop flight simulator to study responses of motion-sensitive visual neurons during production of realistic behaviours.
INTRODUCTION
Flying animals are particularly challenged with producing coordinated escape behaviours. Generating appropriate aerodynamic forces while staying aloft requires rapid detection and integration of salient visual cues. Animals have evolved neural circuitry adapted to preferentially detect visual edge expansion of looming stimuli and respond accordingly by generating emergency escape behaviours [for example, frogs (Nakagawa and Hongjian, 2010) , cats (Liu et al., 2011) , pigeons (Wang and Frost, 1992) , crabs (Oliva et al., 2007; Sztarker and Tomsic, 2008) and insects such as flies (Holmqvist and Srinivasan, 1991; Fotowat et al., 2009 ) and locusts (Robertson and Reye, 1992; Robertson and Johnson, 1993; Gray et al., 2001; Santer et al., 2005; Simmons et al., 2010; Fotowat et al., 2011; Chan and Gabbiani, 2013) ].
Locusts respond to looming stimuli by performing subtle movements of their appendages to hide behind a blade of grass (Hassenstein and Hustert, 1999) , kicking and jumping (Burrows and Rowell, 1973; Burrows, 1995) , or turning and gliding during flight (Robertson and Reye, 1992; Robertson and Johnson, 1993; Gray et al., 2001; Santer et al., 2005; Simmons et al., 2010; Chan and Gabbiani, 2013) . While flying in dense swarms and avoiding collisions with conspecifics, locusts must also escape potential aerial predators (Waloff, 1972; Santer et al., 2012) . This type of aerobatic control is largely influenced by the locust's visual system (Gray et al., 2001; Santer et al., 2005; Santer et al., 2006) , which contains multiple looming-sensitive neurons that synapse with flight motor neurons in the thorax (Simmons, 1980) . To date, flight muscle activity, wing kinematics and aerodynamic forces recorded during a collision avoidance behaviour have been measured from rigidly tethered locusts flying in open-loop conditions (Robertson and Reye, 1992; Robertson and Johnson, 1993; Hedwig and Becher, 1998; Gray et al., 2001; Santer et al., 2005; Santer et al., 2006; Simmons et al., 2010; Ribak et al., 2012) , which introduces potentially confounding artefacts (Robertson and Reye, 1992; Dawson et al., 2004a; Shoemaker and Robertson, 1998) . However, loosely tethered flying locusts are capable of changing orientation in response to looming stimuli within a single wing beat (Mohr and Gray, 2003) . Using a modified rigid tether, Ribak and colleagues (Ribak et al., 2012) showed that locusts generated avoidance responses (roll) within a single downstroke. A more complete understanding of locust flight steering requires that animals be allowed to manoeuvre in 3-dimensional space, under closed-loop feedback conditions. Recently, using minimally restrained flying locusts, Chan and Gabbiani (Chan and Gabbiani, 2013 ) observed a variety of behaviours that have been previously shown (or indicated) to occur in tethered preparations. While they described wing kinematics and body rotations (ψ and χ) using a more restrained preparation, they did not describe changes in other components of steering, such as leg and abdomen movement, and changes in wingbeat frequency. We used a combination of electromyographic (EMG) recordings and motion analysis to show relationships between forewing depressor muscle activity, wing kinematics and 3-dimensional body orientation of flying locusts responding to lateral looming visual stimuli.
MATERIALS AND METHODS Animals
Experiments were performed on 18 adult male Locusta migratoria (Linnaeus 1758) selected at least 3weeks past the imaginal moult from a crowded colony (25-28°C, 12h:12h light:dark cycle) maintained at the University of Saskatchewan in Saskatoon, Canada. Experiments were carried out at room temperature (~25°C) during similar times of the animals' light cycle to eliminate potential variation in responsiveness known to occur when locusts fly at night (Gaten et al., 2012) .
Preparation
The locust's legs were removed to prevent the EMG electrodes from being dislodged (Robertson et al., 1996) . A ringed tether was mounted onto the dorsum of the pronotum using low melting point beeswax and the locust was then rotated ventral side up. Two single 100μm fine copper EMG wires (Belden, St Laurent, QB, Canada) that were insulated except at the tip were inserted into the left and right forewing first basalar depressor muscles (m97) and the ground was inserted slightly off the midline of the mesothoracic sternum.
In rigidly tethered locusts, bilateral m97 timing is associated with attempted steering manoeuvres (Möhl and Zarnack, 1977a; Zarnack, 1988; Dawson et al., 1997; Shoemaker and Robertson, 1998; Dawson et al., 2004b) . The EMG wires were held in place with low melting point beeswax. The tether consisted of 45cm of 0.2mm diameter, clear fishing line (Berkley Trilene XT Extra Tough Line, Pure Fishing, Columbia, SC, USA; 0.02g) attached to the top of a 1.2cm (outer diameter) metal electrical ring connector (0.64g) with markings at the top, bottom, left and right quadrants (Fig.1B ). The total mass of the tether, wax (0.02g) and EMG wires (0.08g) was 0.76g. Fully intact locusts weighed ~2g (range 1.8-2.5g) and 1.67g with legs (~0.33g) removed. Therefore, accounting for removal of the legs, locusts carried an additional 0.43g (~20%) above their fully intact mass.
The locust was suspended 45cm from the upwind end and in the centre of the cross-section of a 0.9×0.9×3m Plexiglas wind tunnel. This positioning placed the locust 45cm from the rear projection screen that was mounted on the right side of the wind tunnel. Wind speed was set to 3ms -1 , as measured with a hot-wire anemometer (VWR Scientific, Edmonton, AB, Canada), which is within the range of a locust's average natural flight speed (3-6ms -1 ) (Baker et al., 1981) . Room lights were turned off during experimentation and the preparation was illuminated from above and behind using two 250W halogen lights.
Visual stimuli
Visual stimuli began once locusts maintained >5min of stable position within the wind stream (see supplementary material Movie1). The stimulus was a computer-generated image of a 7cm black disc approaching at 3ms -1 projected onto a rectangular rearprojection screen (96×63cm) mounted on the right side of the wind tunnel (Fig.1A) . These parameters produced a ratio of the half size of the object (l) to the absolute approach velocity (|v|) of l/|v|=12ms, which is consistent with values that represent known aerial predators of L. migratoria (Santer et al., 2012) . The disc expanded along a trajectory perpendicular to the locust's longitudinal axis at 0deg elevation and 90deg azimuth such that the centre of the looming object directly approached the centre of the right eye. A Quantum Instruments PMLX photometer (B & H Photo, New York, NY, USA) placed at the projection screen was used to measure the luminance of the black disc (3.8cdm ). The locust, with implanted EMG electrodes (inset), was suspended in the centre of the wind tunnel facing upstream of the air flow. A looming black 7cm disc on a white background was projected onto a rear projection screen attached to the side of the wind tunnel (see supplementary material Movie1). One computer was used for stimulus generation, while a second computer was used to synchronize and save behavioural flight data from the video cameras, video frames from the stimulus, vertical synchronization pulses from the projector, and EMG recordings from the left (L) and right (R) m97 muscles. (B)Time-aligned single frames from each camera recording the behaviour of one animal, and the concurrent left (L) and right (R) EMG activity, during straight flight. ABD, abdomen angle; GND, ground wire; θ L , left wing angle; θ R , right wing angle. The inset in the right camera frame is a schematic diagram of the tether coordinate system: t, top; r, right; b, bottom; l, left. Single, synchronized spikes from each muscle correspond to the top of symmetrical wing downstrokes. (C)Time-aligned single frames from each camera, recording behaviour of the same animal as in B, and concurrent EMG activity during a left turn. Earlier doublet LEMG spikes corresponded to greater depression of the left wing at the start of the downstroke. See Materials and methods for a description of angle normalization. Arrows associated with EMG traces indicate the time of the video frames. Muscle activity predicts flight steering 1024×1024 pixel portable network graphics (png) file of a black disc was scaled on a white background and rendered at 85framess -1 , which is above the flicker fusion frequency of the locust eye (Miall, 1978) , using VisionEgg visual stimulus generating software (Straw, 2008) running on a Python programming platform. Each looming stimulus lasted 4s, starting at a virtual distance of 1200cm and reaching a maximum size of 7cm on the screen (subtending ~0.33 and ~9deg, respectively of the locust's visual field). To ensure a smooth approach from a single point in space, the initial subtense angle was well below the acceptance angle of an individual ommatidium (~1deg) (Horridge and McLean, 1978) . Based on the position of the locust during stable flight [at x-, y-, z-coordinates (0,0,0) ], the projected time of collision (TOC) occurred ~150ms after the end of object motion. During straight flight, the locust's position deviated maximally ±2.5cm in the x-axis, ±0.6cm in the y-axis and ±1cm in the z-axis. Movements in the x-axis would thus have produced a variation in the TOC of ±8ms, which was relatively small compared with the variation in the range of turn reaction time (~760ms). Therefore, TOC was calculated as the time the disc would have reached coordinates (0,0,0).
Recording techniques
Flight activity was recorded with two digital cameras (Motion Scope, Redlake Camera, San Diego, CA, USA), located behind the locust and 15deg to either side of the midline of the wind tunnel (Fig.1A) . Each camera, recording at 250framess , was connected to a separate PCI card that stored 8s of data on the on-board RAM. Simultaneous EMG data were recorded continuously using two channels of an A/D converter (National Instruments, VaudreuilDorion, QB, Canada) recording at 25,000sampless -1 . To align video and physiological data with TOC, we embedded square-wave synchronization pulses within each rendered frame of a stimulus presentation. These pulses, along with the transistor-transistor logic (TTL) video signal from each frame of the video card were recorded on two separate A/D channels and used for offline analysis. Simultaneous video, physiological and time alignment data were synchronized and controlled using Midas 2.0 event capture software (Xcitex, Cambridge, MA, USA) (Fig.2 ).
Data analysis
Video files for each camera from the same trial were imported into WinAnalyze3D motion analysis software (Mikromak, Berlin, Germany), which was calibrated for 3-dimensional measurements using a 32-point calibration frame. Adobe Premiere Pro CS6 (version 6.0.0, San Jose, CA, USA) was used to examine flight video and obtain times of behavioural changes. We defined behavioural responses to looming stimuli as a momentary cessation of wing activity (stop or glide), movement toward the stimulus (right turn) or movement away from the stimulus (left turn). Stops occurred when flapping flight ceased and the wings folded against the body of the locust. During a glide, the forewings were held above the hindwings at the top of their upstroke and hindwing movement stopped at the same time during the downstroke (Baker and Cooter, 1979) . The glide is a stereotypical behavioural posture where the wings stop moving and remain elevated above the body until the wings move downwards and flapping flight resumes (Baker and Cooter, 1979; Santer et al., 2005) . The end of a glide and stop is signalled by the resumption of flapping flight. The time of forewing stroke reversal prior to whole-body movement indicated the time of a turn (TOT). In the videos, it was possible to clearly see how the forewing positions correlated with the position of the locust in 3-dimensional space prior to a turn, often in a single wing beat. The times of each behaviour were correlated with kinematic and EMG recordings. In addition to the TOC, the TOT was also used as a reference time. Glide and stop duration were easier to quantify than turn duration, as the tether often caused a later fulcrum effect that swung the animals in the opposite direction of a turn. Therefore, the end of a turn occurred when the locusts reached the maximum length of the wire on the tether and began to move in the direction opposite to the initial turn direction. In some cases, the animal moved outside of the view of the cameras. We obtained x-, y-and zcoordinates from the top, right, bottom and left markers on the tether, the tips of the right and left forewings and hindwings, the posterior tip of the abdomen, and on the mesothorax between the base of the forewings in each video frame from each camera. These coordinates and the wing and abdomen position relative to the top of the disc and the thorax were imported into DataView (version 6.3.2, St Andrews, UK) and merged with files containing EMG recordings, trigger and synchronization information for the same stimulus presentation. Three-dimensional wing and abdomen angles were calculated in WinAnalyze and imported into DataView where event detection marked the top and bottom of each wing stroke. The top of the wing stroke was represented by a greater angle than the bottom of the wing stroke given that 0deg was designated as being directly below the locust. The abdomen position was normalized to 180deg relative to the midline of the locust such that a shift to the left provided a negative value and a shift to the right provided a positive value. The x-, y-and z-coordinates for the four marks on the tether were used to calculate the roll (η), pitch (χ) and yaw (ψ) angles of the locust during flight. η was calculated using the x-and ycoordinates for the top (t) and bottom (b) of the tether disc, where b x is the x-coordinate on the bottom point on the tether, t x is the xcoordinate on the top, t y is the y-coordinate on the top and b y is the y-coordinate on the bottom, while χ was calculated using the y-and z-coordinates for the top and bottom tether marks, and ψ was calculated using the x-and z-coordinates for the left and right marks:
All angles were calculated relative to 0deg in the respective plane of a locust generating stable flight without visual stimulation. For η, 0deg was perpendicular to the midline of the locust when viewed from behind. For χ and ψ, 0deg was directly in front of the locust as viewed from the side or above, respectively (Fig.2) . EMG spike times were extracted by performing event detections on each trace and marking the peak within each event. Any incidence of double spikes was marked and imported along with single spike times into SigmaPlot (version 10.0, Systat Software, Richmond, CA, USA). Depressor asymmetry (DA) was calculated by subtracting the timing of the right m97 EMG (REMG) from the timing of the left m97 EMG (LEMG). Using this convention, a negative DA indicates that the LEMG fired before the REMG.
Observations of rotational angles showed that η consistently changed around 40ms after an EMG spike (supplementary material Fig.S1 ). Changes in η were much clearer than those in ψ and χ, so were used as a standard for extracting all behavioural kinematic data (implying that it took ~40ms after an EMG spike for a change in rotation to occur). This latency is similar to previously reported behavioural reaction times in locusts responding to acoustic stimuli (see Boyan, 1985) . Thus, values for ψ, χ and η were measured 40ms after the timing of LEMG spikes when left turns occurred and REMG spikes when right turns occurred. These values were imported into SigmaPlot for further analysis. Left wing (θ L ) and right wing (θ R ) angles at the time of the forewing and hindwing downstroke were used to calculate wing asymmetries. This provided a negative value when θ L >θ R , which is indicative of attempted steering to the left (Robertson and Reye, 1992; Dawson et al., 2004b; Chan and Gabbiani, 2013) . Data from all animals were separated into discrete events and time aligned to TOC for graphing and correlation analysis (Fig.2 ). For ψ, χ and η, these events were values recorded 40ms after each EMG occurred. For all other data, such as forewing asymmetry (FWA), hindwing asymmetry (HWA), wingbeat frequency (WBF) and abdomen position (abdomen angle, ABD), events were extracted, by convention, at the time of LEMG spikes. Times and values of change in measured parameters were identified by selecting values outside of a 95% confidence interval (CI).
Statistical analysis
Statistical analysis was performed with SigmaStat 3.0 and plotted with SigmaPlot 10.0 (Systat Software). The timing and duration of behaviours were first tested for normality and equal variance. Parametric data were tested with a one-way ANOVA, whereas nonparametric data were tested with a Kruskal-Wallis ANOVA on ranks. A Tukey or Dunn's method post hoc multiple comparison was used to identify putative differences between measured parameters. Differences in the timing and values of changes in select measured parameters (DA, FWA, HWA, η, χ, ψ, WBF and ABD) for left and right turns were compared using a Student's t-test for parametric data and a Mann-Whitney rank sum test on nonparametric data.
Pearson product-moment correlation (PPM) was used to test for relationships between DA and other variables. By convention, we attributed a range of operational definitions to describe differences in the degree of correlation. PPM coefficient (r) values ranging from 0 to ±0.09 were considered to not be correlated, where as values ranging from ±0.1 to ±0.29, ±0.3 to ±0.49, and ±0.5 to ±1 described variables that showed show a small, medium or large correlation, respectively (Cohen, 1988) . All significance was assessed at P<0.05.
RESULTS

General behaviour
In straight flight, forewing movements on each side of the locust are symmetrical (Robertson and Reye, 1992; Santer et al., 2005) (see also supplementary material Movie1). Following straight flight, most animals (N=11) performed a single behavioural response, while others performed two (N=3), three (N=3) or four (N=1) distinct behaviours during stimulus presentation. All animals either turned (left, N=6; right, N=5) or performed a glide (N=7) as an initial response to the looming stimulus. Animals that first responded with a turn did not show any additional responses before TOC whereas glides preceded up to three other behaviours. All animals turned as a final behaviour, irrespective of the preceding behaviour. Glides were followed by a left turn (N=1), a right turn (N=2), a stop followed by a left turn (N=2), another glide followed by a turn to the right (N=1), or another glide followed by a turn to the left then a turn to the right (N=1). Although our behavioural data show that flying locusts use different behaviours (and in different combinations) to avoid an approaching object during loosely tethered flight (see Chan and Gabbiani, 2013), we focused
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Response time and duration
All observed avoidance behaviours occurred prior to TOC, with the earliest and latest occurring at −1.44s (a glide) and −0.28s (a turn), respectively (median of −0.740s). Thus, we found a relatively wide range of behavioural response times [mean of −1.067s for glides (N=11), −0.659s for turns (N=19) and −0.600s for stops (N=2)] (see Fig.4A ). There were no significant differences in the timing of turns (left or right) nor were stop initiation times different from turns, although all turns and stops occurred significantly later than glides (F 2 =9.772, Tukey). Although turns that followed other behaviours tended to occur closer to TOC relative to turns that were the only behaviour performed, there were no differences in timing (t 17 =−2.086).
The duration of each behaviour for each animal was calculated using frame-by-frame video analysis (see Materials and methods). Animals spent the longest time during a turn (~560ms, N=19), followed by a glide (~120ms, N=9) and then a stop (~40ms, N=2) (H 2 =15.251, Dunn's) (Fig.4B ). There were no significant differences in turn duration (t 17 =1.373), regardless of whether another behaviour preceded a turn (N=8) or the turn was the only behaviour performed (N=11).
Behavioural parameters
To quantify the time and value of changes in different behavioural parameters, we aligned all data relative to TOC (Fig.5A-H) and TOT ( Fig.5I-P) . As a baseline value during straight flight, before a response to the stimulus (pre-turn epoch), data were averaged across a 1s time interval from −4 to −3s before TOC for each parameter from each animal (N=18) (Fig.5 ). All data were separated based on turn direction (left, N=10; right, N=9) and baseline values were compared against the values that deviated outside a 95% CI (Fig.6) . Parameter values that exceeded the upper 95% CI were consistent with animals that turned right, while parameters that exceeded the lower 95% CI were consistent with animals that turned left. One animal performed a clear left and right turn during a single presentation; we decided to isolate the data for this animal into left and right comparisons, justified by quantifiable deviations above and below the 95% CI for measured parameters. We found no significant differences (t 17 =0.493) when comparing the interval between the initiation of all left turns (−0.68s, N=10) and right turns (−0.64s, N=9) relative to TOC. Across all animals and measured parameters, there were no differences in the time when parameter changes exceeded the 95% CI based on turn direction (see below). Thus, we grouped all animals together regardless of turn direction when looking at the time of change, but isolated them based on direction for value at the time of change. Slight biases in the data x (c m ) were observed for most measured parameters. For example, most locusts (N=12) flew with a non-zero bias in FWA during the preturn epoch (N=10 were slightly negative and N=2 were slightly positive). However, these FWA biases did not influence turn direction as a similar number of animals turned in the same direction as the bias (N=7) to the number that turned in the opposite direction to the bias (N=5). Moreover, N=6 locusts showed no bias in FWA (N=3 of those animals turned left and N=3 turned right). Biases amoung other behavioural parameters followed a similar trend, with the exception of ABD, where N=11 animals (61%) showed no bias, and η, where N=10 animals (56%) turned in the same direction as was reflected in the bias.
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Wing kinematics
We calculated mean (±s.d.) forewing and hindwing stroke amplitude from both wings from all animals (averaged from a minimum of 10 strokes during the pre-turn epoch) and found that the mean hindwing stroke amplitude (80.9±7.3deg) was higher than the mean forewing stroke amplitude (72.9±7.8deg). This relationship has been reported previously, albeit with larger amplitudes for each wing pair (Baker and Cooter, 1979) . There was a clear variation in FWA around TOT (Fig.5K) . Frame-by-frame video analysis showed that around TOT, the forewings were typically asymmetric in all animals that turned (e.g. Fig.1C ). The left forewing (LFW) was depressed earlier than the right forewing (RFW) in the animals that turned left and the RFW was depressed earlier than the LFW in the animals that turned right. Pre-turn FWA values for left and right turns were not significantly different, but when changes in FWA occurred 50ms after TOT (Fig.4C ), they were significantly more negative for a left turn and positive for a right turn [H 3 =21.672, Dunn's, LFWA (N=10), RFWA (N=9)] (Fig.6) . Furthermore, the time of FWA change was not different between left and right turns [LFWA (N=10) and RFWA (N=9), t 17 =0.847]. While HWA was much more variable then FWA, most animals displayed clear deviations in HWA that went beyond a 95% CI before TOC (Fig.5D ) and after TOT ( (Fig.6) . We also found that changes in HWA were much later (although not significant) than changes in FWA, occurring at a median time of 140ms after TOT (Fig.4C) .
For most animals (N=14) and for a single animal that turned twice, the WBF was below and above the 95% CI at two clear points (Fig.5B,J ). An increase in WBF (↓WBF) occurred before TOT, while a decrese in WBF (↑WBF) occurred around TOT. Based on turn direction, we found no differences in the timing of change [L↓WBF (N=9) versus R↓WBF (N=7), t 3 =28; L↑WBF (N=10) versus R↑WBF (N=9), t 37 =98] or value at the time of change [L↓WBF (N=9) versus R↓WBF (N=7), t 14 =−1.756; L↑WBF (N=10) versus R↑WBF (N=9), t 17 =1.501]. Thus, changes in WBF occurred regardless of turn direction and were subsequently analysed separately based on CI and not turn direction. We found that ↓WBF (16Hz, N=16) was significantly lower and ↑WBF (22Hz, N=18) was significantly higher than pre-turn values (18Hz, N=18, H 2 =44.36, Dunn's) (Fig.6) .
When aligned to TOT, changes in FWA occurred significantly later than changes in DA and ↓WBF (H 8 =44.38, Dunn's). We also found that when aligned to TOT, ↓WBF occurred significantly earlier than any other parameter change and ↑WBF only differed from changes in ABD (Fig.4C) . These results suggest that a decrease in WBF is the first indication that a turning behaviour will occur. Following turn initiation, an increase in WBF occurs at the same time as a change in FWA that directly reflects the time and direction of a turn. Based on our data, we also suggest that HWA is not as predictive as FWA in estimating the direction and timing of a turn.
Body orientation
To examine changes in three rotational degrees of freedom (ψ, χ and η) before TOC, markers on the attached tether were used to calculate orientation angles using appropriate x-, y-and/or zcoordinates in 3-dimensional space. Fig.5E-G and Fig.5M-O show changes in body position, time aligned to TOC and TOT, respectively, during object approach for all 18 animals. While data were more variable for ψ and χ, the η angle was relatively consistent throughout flight and showed pronounced positive or negative shifts before TOC and around TOT for all animals. Most animals (N=10) showed clear changes in ψ that deviated beyond the 95% CI around TOT. While pre-turn left and right η and ψ values were not different, values at the time of change were significantly different from preturn values and opposite to turn directions [Lη (N=10), Rη (N=9), H 3 =29.037, Dunn's; Lψ (N=6), Rψ (N=4), F 3 =12.766, Tukey] (Fig.6 ). Based on turn direction, we found no differences in the timing of change for either η [Lη (N=10), Rη (N=9), t 56 =79) or ψ [Lψ (N=6), Lψ (N=4), t 8 =0.909] (Fig.4C) . While χ angles were overall quite low for both left and right turns compared with preturn values and opposite turns, no significant differences were found when compared across all animals [Lχ (N=9), Rχ (N=9), H 3 =2.524]. However, when animals that showed deviations in χ above and below a 95% CI were analysed separately, TOT-associated values were clearly different from pre-turn values. χ angles below a 95% CI were significantly lower than pre-turn values [Lχ (N=6), Rχ (N=6), F 3 =36.99] and the decrease was consistent between left and right turns (−25.8±7.0 and −25.0±4.9, respectively). χ angles above a 95% CI were also significantly higher than pre-turn values [Lχ (N=3), Rχ (N=3), F 3 =7.016], but were more variable (13.1±3.4 and 24.9±19.1 for left and turns, respectively). Thus, we analysed χ separate from turn direction (Fig.6) . We found all positive and negative shifts in χ were significantly higher and lower, respectively, than pre-turn values and relative to each other [pre-turn (N=18), negative changes (N=12), positive changes (N=6), F 2 =67.178]. Although positive changes in χ tended to occur earlier and closer to TOT relative to negative changes, there were no significant differences in the timing of the decrease or increase (t 53 =40).
These results show that changes in 3-dimensional rotational angles, specifically ψ and η, were associated with turning behaviour such that negative changes represented a left turn and positive changes represented a right turn. However, the timing of the change does not depend on turn direction. Moreover, χ was positive or negative regardless of turn direction, adding another layer of variability to the avoidance response.
Abdomen position
We quantified changes in abdomen position by analysing the magnitude of each shift related to the degree of deflection from the midline of the animal (see Materials and methods). Fig5H,P clearly shows changes in abdomen position, time aligned to TOC and TOT, during object approach for all 18 animals. We found no differences in pre-turn ABD for left or right turns, but when movement went beyond a 95% CI, ABD was significantly more negative during a left turn relative to that during a right turn [LABD (N=10), RABD (N=8), H 3 =20.613, Dunn's] (Fig.6) . While the timing of abdominal position change for left and right turns was not significantly different [LABD (N=10), RABD (N=9), t 16 =0.616], when aligned with TOT, movement occurred significantly later than a turn (N=18, H 8 =72.541) (Fig.4C) . Therefore, although the direction of abdominal movement is related to steering direction, it is not associated with initiation of the turning behaviour.
Depressor muscle activity (Fig.6 ) before TOT and TOC (Fig.4C) . Although the relative sign values at the time of change were opposite for left and right turns, the number values were very consistent, displaying median latencies of −8.366ms (minimum of −11.33ms) and 8.034ms (maximum of 11.65ms) for LEMG and REMG, respectively. Changes in DA occurred at the same time regardless of turn direction [LEMG (N=10), REMG (N=9), t 17 =0.538]. When aligned to TOT, changes in DA occurred significantly later than ↓WBF but earlier than changes in FWA, η, χ and abdomen movement (N=19, H 8 =72.541). Previous studies showed that the m97 muscles are capable of firing single, double or triple spikes (Shoemaker and Robertson, 1998) . We found that single spiking occurred most often during straight flight and spiking stopped entirely during any cessation of flapping flight, such as a stop or glide. Most animals displayed a clear predominance of double spikes from both EMGs around TOT (Fig.7 ) and generally before changes in FWA (Fig.8) . Further analysis of EMG traces revealed that preceding a turn most animals (N=16) consistently displayed an extra spike in the EMG on the inside of the turn relative to the EMG on the outside of the turn. These extra spikes typically preceded TOT by a single EMG cycle if TOT occurred between two EMG cycles; otherwise, the extra spike occurred at TOT (see Fig.1C ). The spike number ratio (outside:inside of turn) was 1:2 (N=12) or 2:3 (N=4). In one animal (see Fig.2 ), the ratio was maintained as 0:1 where no spike was present in the REMG immediately preceding a turn to the left. These results strongly suggest that the relative timing of left and right m97 spikes and the ratio of spike number in the EMG on the inside of the turn affect turn timing and direction.
Correlations between muscles, wing kinematics and behaviour
We observed that DA, FWA and η appeared to change most strongly during a turn and were the most strongly correlated parameters that we measured (for example, see supplementary material Fig.S2 ).
Changes in χ and WBF occurred regardless of the DA sign value and although abdomen movement reflects the sign value of DA it occurred later than TOT and thus is not correlated. Any change in HWA was also not correlated with any other parameter (data not shown). Thus, we examined putative relationships between DA and changes in FWA, ψ and η by performing a linear regression analysis on all data for each parameter from all animals (N=18). There were significant relationships between DA and FWA (r=0.42, N=18) and DA and η (r=0.46, N=18). However, DA and ψ showed no significant relationship (r=0.05, N=18). To determine whether changes in FWA predicted η and ψ, we performed a further regression analysis that revealed a significant correlation between FWA and η (r=0.55, N=18) but not between FWA and ψ (r=0.08,
The Journal of Experimental Biology 216 (17) TOC ( (1) or absent (0). Thus, higher values indicate that double spikes occurred in more animals. The majority of double spiking increased prior to a turn, peaking shortly after initiation. There was a second peak after TOC and after the turns were completed that probably represents a compensatory response associated with a late tethering artefact (see Materials and methods). 
N=18).
Although variability exists, the correlations between DA, FWA and η are medium to strong, while the correlation with ψ is small. Next, we examined how correlations changed over time (Fig.9) . DA for all 18 animals were time aligned to each rotational degree of freedom (ψ, χ and η) and FWA. Correlations between DA and these parameters increased and became more positive closer to TOC (Fig.9) with the strongest correlations occurring with FWA and η. Moreover, the highest correlation values (above a 95% CI) over the entire stimulus presentation for all 18 animals and for all rotational degrees of freedom occurred during the time of a turn (Fig.9) . Although ψ and χ were also included in this analysis and displayed an increase in correlation, the coefficient values were low and less consistent than for FWA and η. Overall, these correlation analyses showed that DA is able to predict changes in FWA and, ultimately, body rotation, especially η. Furthermore, even though ψ reflects sign changes in DA, those changes were not related to changes in DA or FWA.
DISCUSSION
Using a loosely tethered preparation, we show that while locusts generated variable, and sometimes multiple, responses when presented with a lateral looming object, most generated an intentional turn either toward or away from the object that was reflected in an alteration of bilateral timing of the downstroke of the forewings. We also found that steering was accompanied by ↑WBF and that abdomen movement during a turn occurred after the turn was initiated. Moreover, we describe, for the first time, that the relative timing and spike numbers in a flight depressor muscle (m97) can predict wing kinematics and 3-dimensional body orientation in locusts responding to looming stimuli. Studying behavioural responses to looming stimuli in minimally restrained locusts, as described here (see also Chan and Gabbiani, 2013) , provides a more natural representation of flight compared with experiments using rigidly tethered animals (Hedwig and Becher, 1998; Robertson and Reye, 1992; Robertson and Johnson, 1993; Gray et al., 2001; Santer et al., 2005; Santer et al., 2006; Simmons et al., 2010; Ribak et al., 2012) . Using a combination of loose and more restrictive tight tethering, Chan and Gabbiani (Chan and Gabbiani, 2013) described wing kinematics and body positions in Schistocerca americana, which fly relatively short distances compared with the much longer flight durations of L. migratoria. Implantation of EMG electrodes required removal of the legs and thus could have affected steering behaviour given that ipsilateral hindleg extension has been implicated in collision-avoidance steering (Robertson and Reye, 1992) . The additional mass and wind resistance of our tether design may also have affected steering behaviour. While our tether (20% body mass) was heavier than tethers used previously [12% body mass of Schistocerca gregaria (Kutsch et al., 1993) ], preliminary studies using a weight-neutral loose tether attached to L. migratoria with legs removed (i.e. equivalent to an unloaded intact locust) (Mohr and Gray, 2003) showed similar types and timing of responses as reported here. Putative fulcrum effects notwithstanding, we observed behavioural durations (560ms) consistent with those described previously [500ms (Chan and Gabbiani, 2013) ]. Moreover, our locusts generated stable free-flight postures and positions within a relatively small (48cm 3 ) 3-dimensional space during a pre-turn epoch (Figs3, 5; supplementary material Fig.S3 ). Locusts were also able to perform steering manoeuvres, within a behaviourally relevant timeframe, that were correlated with stimulus parameters and wing muscle timing. Thus, we were able to examine parameters associated with turn initiation in full 3-dimensional space.
Rigidly tethered flying locusts consistently respond to lateral looming stimuli by interrupting flight and turning away from or toward the stimulus (Robertson and Johnson, 1993; Dawson et al., 1997; Robertson et al., 1996; Dawson et al., 2004b) and turning primarily away from the stimulus or performing a glide as a last ditch response (Robertson and Reye, 1992; Santer et al., 2005; Santer et al., 2006; Rind et al., 2008; Simmons et al., 2010; Santer et al., 2012; Ribak et al., 2012) . We found that most animals turned as an initial response to the looming stimulus (33% turned left, 28% turned right), while 39% of the animals glided. Differences between our results and those reported earlier may be related to tethering conditions. Indeed, loosely tethered (Chan and Gabbiani, 2013) Although there should be no data points for the FWA during a glide, these are present because of the fact that the time of a glide was inconsistent between animals and the FWA data were compared in the same time frame from all animals. For all panels, significant changes in correlation occurred during the time of the turns, with changes in FWA, ψ and η occurring earlier than χ. The FWA (A) and η angle (D) showed an overall strong and consistent correlation with DA throughout flight that increased leading up to TOT and peaked during TOT. While correlations with ψ (B) and χ (C) angles were relatively weaker and more variable throughout flight, they also became more positive leading up to a maximum during a turn.
by assessing the level of a threat (Schulze and Schul, 2001; Dawson et al., 2004a; Santer et al., 2005; Rosier, 2011; Chan and Gabbiani, 2013) , we found that loosely tethered locusts performed a variety of behaviours in response to the same looming stimulus. Variability in avoidance responses to predatory attacks is a well-established concept (see Roeder, 1975) . This variability could also be explained, at least in part, by the ability of the animal to manoeuvre in 3-dimensional space.
Gliding can occur close to TOC (Santer et al., 2005; Chan and Gabbiani, 2013) or precede a turn (Ribak et al., 2012) . We also observed that glides preceded turns. However, these glides occurred relatively early in stimulus presentation (see Santer et al., 2005) . Chan and Gabbiani (Chan and Gabbiani, 2013) reported glide frequencies as low as 7% in their loosely tethered experiments and, using a similar l/|v| of 40ms, Santer and colleagues (Santer et al., 2005) reported glide frequencies of 15%. Our glide frequency (37% of trials, l/|v|=12ms) is consistent with studies using similar approach parameters where glide frequencies were as high as 46% [l/|v|=6.7ms (Ribak et al., 2012) ] or 80% [l/|v|≤10ms (Santer et al., 2005) ]. Moreover, our glide durations (140ms) are consistent with those reported by Santer and colleagues (137ms) (Santer et al., 2005) . They (Santer et al., 2005) reported that following a glide, animals increased their WBF (also similar to our findings, where ↑WBF is associated with TOT and not a glide) or folded their wings (similar to a stop). Ribak and colleagues (Ribak et al., 2012) proposed that gliding may be a preparation for a turn. Indeed, we show that glides occur significantly earlier than stops and turns, with the last two behaviours occurring around the same time (Fig.4A) . Further investigation is required to identify whether glides are part of a preparatory response for avoidance or are a separate behaviour. Given that locusts generate glides either when presented with stimuli modelled from videos of swarms (Santer et al., 2012) or within actual swarm conditions (Baker and Cooter, 1979) , it is likely that gliding may be an important strategy for collision avoidance. While findings to date have not been able to describe detailed temporal properties of gliding in the wild, our data suggest that glides are part of a suite of behaviours rather than a stereotyped final emergency response to looming.
Contrary to earlier studies describing turns, or indications of turns, showing locusts moving away from the stimulus in free flight (Dawson et al., 2004a) or tethered (Robertson and Johnson, 1993; Dawson et al., 1997; Santer et al., 2005; Santer et al., 2012; Ribak et al., 2012) , we found approximately equal incidences of turning toward or away from the looming disc. Turn direction variability was also reported for responses to visual (Chan and Gabbiani, 2013) and thermal (Shoemaker and Robertson, 1998) stimuli. Escape variability may be a way to preclude anticipation by predators (Card, 2012) and is a common strategy employed by many animals (Domenici et al., 2011) .
Response times reported here are less variable and occurred >200ms earlier than those reported by Chan and Gabbiani (Chan and Gabbiani, 2013) , whereas turn initiation preceded body rotation changes by ~50ms (based on median ψ and η changes), which is consistent with other findings (Ribak et al., 2012; Chan and Gabbiani, 2013) . While different response times may be related to different approach parameters used in these studies, our findings are consistent in that locusts are able to generate significant 3-dimensional body rotations within one wing beat (see supplementary material Movie1) (see also Dawson et al., 2004b) .
Cessation of flight (stops) occurs in many insects responding to threatening stimuli, (Miller and Surlykke, 2001; Dawson et al., 2004a; Santer et al., 2005; Rind et al., 2008) and results in a rapid decrease in altitude. We found that stops were relatively brief, lasting 40ms, and typically preceded resumption of flapping and a turn. While stops resulted in a decrease in altitude (see supplementary material Fig.S3 ), the constraints of our tether limited the extent of the decrease and thus may have triggered resumption of flapping.
Previously studies describing either ψ and χ (Robertson and Johnson, 1993) or η (Ribak et al., 2012) showed that changes in ψ and η reflect flight steering direction. Although we also found that the ψ angle reflected turn direction, it was relatively more variable than η, which was most strongly related with a turn and was consistent among all animals (Figs5, 6). While changes in WBF could induce variability in ψ (see Robertson and Johnson, 1993) , the timing of changes in ψ and η were consistent relative to TOT (Fig.4) , as was the amplitude change (from ~0deg pre-turn to ±20deg during the turn). The predominance of decreased χ values associated with steering that we observed (67%) is contrary to a predominance of positive χ changes reported by Chan and Gabbiani (Chan and Gabbiani, 2013) . This difference may be explained by the relative stability of flight orientation during straight flight observed here for L. migratoria.
We observed wingbeat frequencies that are within the range of previous reports from rigidly tethered locusts (Robertson and Johnson, 1993; Shoemaker and Robertson, 1998; Santer et al., 2005) . We found that during minimally restrained flight, ↓WBF occurred before a turn and ↑WBF occurred during a turn (see Fig.6 ; supplementary material Movie1). A similar decrease in WBF has been shown to precede turns (Ribak et al., 2012) and glides (Santer et al., 2005) whereas tethered (Robert, 1989; Dawson et al., 1997) and free-flying (Dawson et al., 2004a) locusts have been shown to increase WBF, and thus flight speed, as turns were completed. ↓WBF may be part of a preparatory response before initiating a turn as it consistently occurs significantly earlier than TOT. While ↓WBF may also be a preparation for a glide in rigidly tethered locusts (Santer et al., 2005) , the time of our ↓WBF was significantly earlier than TOT but not glides (F 2 =11.245, Tukey). Therefore, we suggest that ↓WBF is more related to turning behaviour in locusts that are able manoeuvre in 3-dimensional space and that ↑WBF may be a compensatory response to lost altitude during the turn or a mechanism to regain lift and stabilize flight (Santer et al., 2005; Ribak et al., 2012) .
Although our FWA shifted negatively for left turns and positively for right turns, the magnitude of the shift was often variable as it was sometimes relative to a non-zero pre-turn baseline (see Robertson and Reye, 1992; Robertson and Johnson, 1993; Shoemaker and Robertson, 1998) . The bias in FWA, similar to other biases in measure parameters, did not influence turn direction as there was a near-equal number of animals that turned in the direction of the FWA bias, turned in the opposite direction to the FWA bias, and turned in either direction with no bias in FWA (N=7, 5 and 6, respectively). Using a similar l/|v| of 12ms, Robertson and Johnson (Robertson and Johnson, 1993) reported asymmetries of 15deg during attempted steering, which matches what we observed. We also found that FWA developed ~50ms after TOT (Fig.4C) , consistent with previous descriptions of asymmetries developing during the downstroke of the wing beat when locusts are attempting to steer (Robertson and Reye, 1992) . Earlier studies using rigidly tethered (Robertson and Johnson, 1993; Shoemaker and Robertson, 1998) , minimally restrained (Chan and Gabbiani, 2013) , or free-flying locusts (Dawson et al., 2004a) found little to no change in HWA during a turn. While we found that HWA reflected turn direction (Fig.4C, Fig.5 ), changes in HWA occurred well after TOT. Ribak and colleagues (Ribak et al., 2012) recently reported that hindwing pronation is important for turning, contributing to η. As we were unable to measure wing pronation in our experiments, we cannot confirm that either forewing or hindwing pronation is associated with flight steering in animals free to manoeuvre in 3-dimensional space.
Shifts in abdomen position have been described as a component of intentional flight steering (Robert, 1989; Robertson and Johnson, 1993; Gray et al., 2001) , where elevation and shifting to the inside of the turn occurs at the same time as extension of the hindleg on the inside of the turn (Robertson and Johnson, 1993) . The results of these movements are thought to shift the locust's centre of mass to initiate a turn (Robertson and Reye, 1992) . While we observed shifts in abdomen orientation associated with the direction of the turn, this change occurred after turn initiation. Taken together with the fact that turns can occur in one wing beat, we suggest that rotation of the centre of mass is produced by aerodynamic forces established by FWA and that abdominal movement may be a result of delayed inertial forces produced by the turn. Alternatively, movement of the abdomen may be slightly delayed as its involvement is in turn completion not initiation.
Changes in DA, in addition to the presence/absence of EMG spikes, can predict changes in FWA, which in turn predicts whole-body movements. The values we report of DA related to turn initiation are consistent with those previously reported for m97 in response to acoustic stimuli (Dawson et al., 1997; Dawson et al., 2004b) . Consistent with Shoemaker and Robertson (Shoemaker and Robertson, 1998) we found that most double spiking occurred around TOT (Figs7, 8) . We also observed that at TOT, the ratio of LEMG and REMG spike number reflected turn direction, where most animals showed one additional spike on the EMG on the inside of the turn (see Fig.1C for example), represented as a double, triple or in one case a single spike. The single spike occurred when a spike was 'dropped' in the opposite EMG (see Fig.2 ) (Dawson et al., 2004b) . The presence of the extra spike on the inside of a turn may indicate greater force associated with earlier depression whereas the absence of a spike on the outside of a turn may result in a relatively faster elevation, either of which could be involved in developing an asymmetry. Correlation analysis showed that DA is a good predictor of FWA and η (Figs9, 10) and that correlations peak during TOT (Fig.9) . Moreover, DA was not related to gliding or stopping. We also show that FWA is strongly correlated with η and weakly correlated with ψ and HWA (for example, see supplementary material Fig.S2 ). This finding differs from that of Chan and Gabbiani, though they did not measure η (Chan and Gabbiani, 2013) .
Future experiments using a variety of stimuli are needed to address whether locusts use different levels of threat assessment to perform different behaviours. Chan and Gabbiani (Chan and Gabbiani, 2013) suggest that selection of avoidance behaviour (fast or slow and direction) depends on the position of the locust relative to the looming stimulus. However, we did not observe any relationship between the position of the locust and the direction of turn, and deviations during stable flight (see Fig.3 ) were very small and probably did not affect turn direction. Nevertheless, selection of the most suitable behaviour for avoidance probably depends on the dynamics of the sensory environment. Thus, it would be important to test the effects of more dynamic visual environments, such as flow fields, variation in l/|v| values, or more complex trajectories, which have previously been shown to influence the response of a motion-sensitive neural circuit implicated in collision avoidance (McMillan and Gray, 2012) .
We propose an initial model of the timing and relationships between parameters associated with flight steering that account for depressor muscle activity, wing kinematics and body orientation in 3-dimensional space (Fig.10) . The first indication of a turn is ↓WBF that occurs prior to TOT. Approximately 70ms before TOT, DA develops. Once a turn is initiated, ψ changes followed by ↑WBF. At this point, the change in DA is at a maximum and causes a shift in FWA that changes the η angle within a few milliseconds. Finally there is a change in χ, followed by a change in HWA and abdominal ruddering. Changes in WBF and χ occur regardless of turn direction; however, DA, FWA, HWA, ψ, η and ABD all reflect turn direction. Separating the parameters further, changes in ψ, HWA and ABD are independent of changes in DA, based on the time of changes and weak correlations. Based on the equation of the linear regression line (Fig.10) we can predict changes in FWA and η angle using DA. This prediction will be used in computer-generated closed-loop experiments to provide appropriate visual feedback during flight steering while recording from suites of flight muscles and multiple motion-sensitive visual neurons (Gray et al., 2010) , allowing for an unprecedented understanding of the neural mechanisms of adaptive behaviour in this model system. (r=0.42, y=0.97x-5.72) , DA and η (r=0.46, y=0.73x+1.36), and FWA and η (r=0.55, ). Parameters on the left side of the arrow show medium to high correlations with each other, while parameters on the right side share no predictable relationship. All parameters in blue share a matching sign value during a turn (i.e. negative for a left and positive for a right turn). . For all three top panels, the vertical grey dashed line represents time of a turn (TOT), the vertical red dashed line represents TOC, and red symbols indicate events associated with double LEMG spikes. For all other panels, r is the Pearson product moment correlation coefficient describing the linear regressions (black lines). ψ and χ angles were the most variable during the pre-turn epoch but shifted negatively at TOT. η angle also displayed a clear decrease around TOT. Double spiking was observed from the LEMG during the turn and continued past TOC. η angle was most strongly correlated with changes in FWA. DA was a good predictor of changes in η and FWA. There was no relationship between FWA and HWA. Fig. S3 . Displacement in the y-axis of the top tether mark of a single animal during an entire video recording that included a glide, stop and turn in response to a looming stimuli. During straight flight, the locust's y-axis increased and decreased rhythmically during corrective steering to maintain altitude in the centre of the airflow. When the animal performed a glide, the y-axis displacement stabilized followed by an increase as flapping flight resumed and a dramatic decrease after the animal stopped beating its wings. The y-axis position increased when the animal performed a left turn just prior to TOC (red vertical line). These data demonstrate that locusts were capable of stable flight and that the length of the tether did not constrain orientation in the y-axis. The time axis represents the entire video recording and the y-axis was scaled to illustrate the difference in y-axis displacement.
LIST OF SYMBOLS AND ABBREVIATIONS
ABD
FWA
Movie 1. Video recording of a locust during an evasive turn to the left in response to a looming stimulus. For consistency, we used the same animal as represented in Fig. 2 . Two high-speed cameras were used to capture and quantify the turning behaviour (left frame is from the left camera and right frame is from the right camera). The animation in the centre is a visual aid to represent the time-aligned expansion of the 7 cm looming disc (see Materials and methods) and was not the actual stimulus used. Frames are played back at 1/10 normal speed. For reference, total video playback is 82 s, the turn was initiated at t≈63 s and time of collision (TOC; when the stimulus example turns red) occurs at t≈72 s. Note the ↓WBF (wingbeat frequency) prior to any behavioural change, followed by a change in forewing asymmetry (FWA) in the frame at which the turn is initiated and ↑WBF during the turn. Turning occurs in a single wing beat, and the abdomen moves up and to the left after the turn has been initiated.
